Hippocampal neurons maintained in primary culture recycle synaptic vesicles and express functional glutamate receptors since early stages of neuronal development. By analyzing glutamate-induced cytosolic calcium changes to sense presynaptically released neurotransmitter, we demonstrate that the ability of neurons to release glutamate in the extracellular space is temporally coincident with the property of synaptic vesicles to undergo exocytotic-endocytotic recycling. Neuronal differentiation and maturation ofsynaptic contacts coincide with a change in the subtype of calcium channels primarily involved in controlling neurosecretion. Whereas o-agatoxin IVAsensitive channels play a role in controlling neurotransmitter secretion at all stages of neuronal differentiation, ao-conotoxin GVIA-sensitive channels are primarily involved in mediating glutamate release at early developmental stages only.
Synaptic transmission is the process by which signals are transferred from a neuron to a target cell. At the nerve terminal synaptic vesicles undergo exocytotic-endocytotic recycling and at each cycle they release neurotransmitter in the extracellular space (1, 2) . Released neurotransmitter binds to postsynaptic receptors that are strategically localized at postsynaptic sites and that in turn translate the external signals into a postsynaptic response (3). The anatomical relation between pre-and postsynaptic compartments is the basis on which the point-to-point signaling typical of synaptic transmission relies.
However, several lines of evidence indicate that the functionality of pre-and postsynaptic components is not dependent on their spatial organization at synaptic sites. It has been demonstrated recently that synaptic vesicles present in developing processes of cultured hippocampal neurons are able to undergo exocytotic-endocytotic recycling (4, 5), with mechanisms that appear to be already calcium-dependent (6). Moreover, functional glutamate receptors are expressed already at stages preceding synapse formation (7).
We now investigate whether synaptic vesicle recycling before synaptogenesis is associated with neurotransmitter release. To this aim, we used a biological assay that allows us to perform an on-line analysis of glutamate released by hippocampal neurons by analyzing the cytosolic calcium ([Ca2+] j) changes induced by N-methyl-D-aspartate (NMDA) receptor activation. We show that hippocampal neurons are able to release glutamate by a calcium-dependent mechanism even before synapse formation. Moreover, we demonstrate that c-agatoxin IVA (w-Aga-IVA) and w-conotoxin GVIA (co-CTx-GVIA) have different blocking effects on glutamate release at various developmental stages, indicating that formation and maturation of synaptic contacts are associated with changes in the subtypes of voltage-activated calcium channels controlling presynaptic glutamate release.
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MATERIALS AND METHODS
Hippocampal Cell Culture. Primary neuronal cultures were prepared from the hippocampi of 18-day fetal rats as described (8, 9) . Briefly, hippocampi were dissociated by treatment with trypsin (0.25% for 15 min at 37°C), followed by trituration with a fire-polished Pasteur pipette. Dissociated cells were plated on a poly(L-lysine)-treated glass coverslips in minimum essential medium (MEM) with 10% horse serum at densities ranging from 10,000 cells per cm2 to 20,000 cells per cm2. After a few hours, coverslips were transferred to dishes containing a monolayer of cortical glial cells (10), so that they were suspended over the glial cells but not in contact with them (9). Cells were maintained in MEM (GIBCO) without serum, supplemented with 1% HL1 (Ventrex Laboratories, Portland, ME), 2 mM glutamine, and 1 mg of bovine serum albumin per ml (neuronal medium).
[Ca2+], Measurements with Fura-2. Neurons were loaded for 30 min at 37°C with 2-4 ,M fura-2 pentakisacetoxymethyl ester in Krebs-Ringer-Henseleit solution (KRH) buffered with Hepes (150 mM NaCl/5 mM KCl/1 mM MgSO4/2 mM CaCl2/10 mM glucose/10 mM Hepes-NaOH, pH 7.4), washed in the same solution to allow deesterification of the dye, and transferred to the heated stage of the microscope, where temperature was maintained at 35°C throughout the experiment. Cells under different experimental conditions (see below) were observed with an inverted Zeiss IM35 microscope equipped with a calcium-imaging unit (11). Fluorescence images were obtained by alternately illuminating the cells at 345 nm and 380 nm and emission filtered with a 418-nm long-pass filter; images (345 nm or 380 nm) consisted of 0.125 megabyte (MB) each and were acquired rhythmically at 2 Hz frequency. Fluorescence images were collected with an intensified charge-coupled device camera (Hamamatsu Photonics, Middlesex, NJ) and the camera output was analyzed by a digital image processor (Argus 100; Hamamatsu Photonics) where video frames were digitized and integrated in real time on four 0.5-MB memory boards. The digital data were then transferred at high rate via a connecting board placed on the VME bus of Argus 100 into a Motorola 68020-based host computer and stored in two 300-MB hard disks. Background and calibration images were similarly acquired at the two wavelengths; the calculation of Ca2+ concentration was carried out pixel by pixel on pairs of corresponding 345-nm and 380-nm images according to Grynkiewicz et at (12 (13, 14) . When fura-2-loaded, fully differentiated hippocampal neurons rich in synaptic contacts (10-to 20-day-old neurons) were exposed to this medium, >98% of the cells (n = 87; number of experiments = 17) exhibited large increases in the levels of intracellular calcium ( Fig. IA (20 ,tM) . A fixed aliquot of the conditioned medium was then used to stimulate other neuronal cells.
A [Ca>2 ]i response was indeed evoked in neuronal cells exposed to the PDC-conditioned medium (number of experiments = 5) ( Fig. 2A) . At difference with the responses elicited by the Mg2+-free/glycine medium, the effects of the PDCconditioned medium were blocked by the non-NMDA antagonist CNQX (Fig. 2B) responses were almost completely abolished (n = 19; number of experiments = 4) (Fig. 1 C) . Release of Glutamate Before Synaptogenesis. We then asked the question of whether the exocytotic-endocytotic recycling of synaptic vesicles taking place in hippocampal neurons before synaptogenesis (4, 5) was already associated with glutamate release. Neuronal cultures at early stages of differentiation and before extensive synaptogenesis (2-to 6-day-old neurons) were exposed to the Mg2+-free/glycine medium. In this case an increase in [Ca2+] , could be detected in most of the neurons (60%, n = 19). This response was selectively blocked by APV but not by CNQX (Fig. 3A) . The kinetics of the responses were found to be different in distinct neurons and, in general, they appeared to be slower as compared to the [Ca]2+ changes induced by the Mg2+-free/ glycine medium in more differentiated cells.
We found that even at early. developmental stages, the response to the Mg2+-free/glycine treatment was blocked by the calcium channel blocker Cd>2 (Fig. 3B ), indicating that a Ca2+-dependent mechanism for release of glutamate is active in hippocampal neurons before synaptogenesis. No direct effect of Cd2+ could be detected on neuronal responses to NMDA (Fig. 3B) .
Different Involvement of w-Aga-IVA-and w-CTx-GVIASensitive Channels in Mediating Glutamate Release at Different Developmental Stages. Different types of calcium channels mediate central synaptic transmission. In adult hippocampus, w-Aga-IVA-sensitive and c-CTx-GVIA-sensitive channels mediate neurotransmitter release (18) (19) (20) Fig. 4 A-C indicate that pretreatment of 10-to 20-day-old neurons with 300 nM c-CTx-GVIA only partially inhibited the responses to the Mg2+-free/glycine medium (n = 28; number of experiments = 8). By contrast, in all 2-to 6-day-old neurons examined (n = 17; number of experiments = 7), w-CTx-GVIA inhibited almost completely (80-100% inhibition) the responses to the Mg2+-free/glycine medium (Fig. 4 D-F) . In both cases, the toxin did not affect the response induced by direct application of NMDA (not shown).
The effects of w-Aga-IVA were less strikingly modified during neuronal differentiation. Before and after synaptogenesis (n = 24 and 33; number of experiments = 7 and 9, respectively), w-Aga-IVA substantially inhibited the response to the Mg2+-free/glycine medium (Fig. 4 C and F) ; however, in a large number of cells, the responses were less potently inhibited by the toxin before synaptogenesis (see an extreme case of minimal efficacy in Fig. 4D) . Also in the case of co-Aga-IVA, the responses to NMDA were not affected by the toxin (not shown). [Ca>2]i response to maximal doses of NMDA is elicited in some neurons in the presence of Cd>, we cannot exclude the possibility that part of the Ca>2 influx induced by the Mg2+-free/glycine medium occurs also through voltage-activated Ca2+ channels. These Ca2+ channels are most likely dihydropyridine-sensitive Ca2+ channels since no effect on the neuronal response to NMDA was ever seen by preincubation with either co-Aga-IVA or w-CTx-GVIA. The neuronal response to the Mg2+-free/glycine medium is due to glutamate released from presynaptic vesicles. This is indicated by two lines of evidence. (i) The neuronal response to the Mg2+-free/glycine protocol is completely inhibited by treatment with BoNT/F, which strongly inhibits neurotransmitter release by cleaving the synaptic vesicle protein synaptobrevin/VAMP2 (for a review, see ref. 17). (ii) The effect of the Mg2+-free/glycine medium is strongly reduced by toxins or procedures known to interfere with the functionality of Ca2+ channels relevant for neurotransmission in hippocampus (19, 20) . Since synaptically coupled hippocampal neurons present larger synaptic potentials when exposed to the Mg2+-free/ glycine medium (15) Once validated the Mg2+-free/glycine protocol as a tool to monitor vesicular release of glutamate from hippocampal neurons, we used this assay to investigate neurotransmitter secretion before synaptogenesis. In the case of isolated growing neurons the classic electrophysiological approach (21) based on the detection of postsynaptic potentials, which closely reflect neurotransmitter secretion from presynaptic terminals, is not possible because of the lack of "bona fide" postsynaptic elements. On the other hand, the fluorimetric enzymatic approach currently used for monitoring glutamate release from synaptosomes (for a review, see ref. 22) is not sensitive enough to detect the small amount of glutamate released by developing hippocampal neurons (F. Valtorta, C.V., and M.M., unpublished observations). The previous finding that cultured hippocampal neurons express functional glutamate NMDA receptors already at very early stages of neuronal development (7) opened the possibility to apply the Mg2+-free/glycine protocol as a suitable tool to investigate neurotransmitter secretion during neuronal development.
DISCUSSION
We report here that the ability of hippocampal neurons to release glutamate by a Ca2+-dependent mechanism is not dependent on the formation and maturation of synaptic contacts. Our data complement results obtained by a parallel line of investigation indicating that the exocytotic-endocytotic recycling of synaptic vesicles is Ca2+-dependent already before synaptogenesis (6).
The early activation of Ca2'-dependent mechanisms for neurosecretion raised the question of whether different sub-A Proc. Natl. Acad. Sci. USA 92 (1995) .F r, mlill 11 5 types of Ca21 channels were involved in mediating glutamate release at different developmental stages. Recent electrophysiological studies have demonstrated that at least two types of Ca2+ channels, the w-Aga-IVA-and co-CTx-GVIA-sensitive channels, mediate synaptic transmission in the mammalian central nervous system (18) (19) (20) . o-CTx-GVIA-and w-Aga-IVA-sensitive channels might correspond to the Ca2+ channels previously classified as N type (23) and P type (18, 19) , even if the possibility exists that w-Aga-IVA-sensitive channels are represented by a heterogeneous population of channels (20) . In the adult hippocampus (19) as well as in cultured, synaptically coupled hippocampal neurons (this study), a predominant role in neurotransmission appears to be played by co-Aga-IVA-sensitive channels. We show now that co-CTx-GVIA-sensitive Ca2+ channels as well are crucially involved in controlling glutamate release from hippocampal neurons before the establishment and maturation of synaptic contacts. These results indicate that the molecular mechanisms responsible for Ca2+-dependent release of glutamate are differentially activated in neurons at different developmental stages.
w-CTx-GVIA-sensitive channels have been described to be functional and to play a role during neuronal differentiation since they mediate spontaneous elevation of [Ca2+] , in undifferentiated developing neurons (24) . A selective role of w-CTx-GVIA-sensitive channels in directing migration of immature neurons before the establishment of their synaptic circuits has been demonstrated in mouse cerebellar slices, indicating that the early expression of w-CTx-GVIA-sensitive channels may be an essential requisite to the initiation and the execution of neuronal movement (25). Our demonstration that w-CTx-GVIA-sensitive channels may control neurotransmitter release during neuronal development opens the possibility that the early activation of the neuronal secretory machinery modulates the interactions between the growth cone and its immediate environment. A role of secreted neurotransmitters as developmental signals has been widely proposed (26, 31) . Neurotransmitters may act as specific chemoattractants for growth cone guidance, suggesting that localized secretion of neuromediators from the target cell in the embryo may influence the direction of neurite growth during the development of the nervous system (27).
In parallel with neuronal differentiation, w-CTx-GVIAsensitive channels become less involved in controlling neurotransmitter release. This reduction could be accounted for by a down-regulation in the channel expression. Alternatively, a specific localization of distinct subtypes of Ca2+ channels in different districts of neuronal plasmalemma could be hypothesized. In mature neurons, a different distribution of co-CTx-GVIA-and dihydropyridine-sensitive subtypes of calcium channels has been demonstrated (28-30), sustaining therefore the possibility that distinct domains of mature hippocampal neuron membranes are endowed with specific Ca2+ channel subtypes. It will be interesting to investigate whether a selective Proc. Natl. Acad. Sci. USA 92 (1995) 6453 inhibition of evoked [Ca2+]i responses could be revealed in different neuronal regions after treatment with c-CTx-GVIA and cw-Aga-IVA.
